between volunteers. Conclusion: Interindividual variability for Raman measurements is significant for a set of volunteers with normal nondiseased SC and close phototypes. This variability should be taken into consideration as a threshold for significant variance when working in vivo.
Introduction
The noninvasive analysis of human skin by confocal Raman spectroscopy provides micro-level resolution and depth-resolved structural information of in vivo biological tissues. This technique has been applied to study a number of in vivo health-related phenomena in human tissue [1] [2] [3] [4] ; it provides a straightforward way to get better insight into the chemical structure and physical behavior of intrinsic molecular components of the stratum corneum (SC) [5, 6] and helps to follow up the penetration and action of exogenous molecules [7] [8] [9] [10] [11] .
In this study, we will apply Raman spectroscopy to study skin variability in vivo, particularly in the outermost layer, the SC. The SC is the interface with the outside world and well recognized as the barrier that prevents unwanted materials from entering the body and excessive water loss of the body [12] . Franzen and Windbergs [13] explored the spectral variability of human SC ex vivo.
The SC is composed of corneocytes, which are hexagonal flat cells filled with keratin, without nucleus, and held together by corneodesmosomes and lipid [12] . The lipids are arranged in lamellar sheets, which consist of lipid matrix composed mainly of ceramides, cholesterol, and fatty acids. Corneodesmosomes are specialized intercorneocyte linkages formed by proteins, and, together with the lipids, they maintain the integrity of the SC.
Using differential scanning calorimetry, Takenouchi et al. [14] demonstrated the presence of three types of water in the SC: tightly bound water, partially bound water and unbound water. In addition to the identification and quantification of the water type, the effect of the water content on SC composition and physiology has been investigated [15, 16] . Since water enhances elasticity of the SC, water-keratin interactions have been investigated using techniques such as nuclear magnetic resonance imaging [17, 18] and cryo-scanning electron microscopy [19] .
In clinical research, variabilities are usually classified into three categories: intra-subject variability, intersubject variability, and total variability. Intrasubject variability refers to the variability observed of repeated measurements in the same subject under the same experimental condition. The sources for intrasubject variability are multifold. Two important sources are biological variability and measurement errors. Theoretically, the intrasubject variability can be eliminated by repeating the experiment infinite times on the same subject under the same conditions. In practice, no experiment can be carried out infinite times -it can only be approximated by a large number of replicated experiments. However, even if we could repeat experiments an infinite number of times on every subject and take the average of replicates, which is called subject-specific mean value, we may still observe differences in the subject-specific mean values. This type of variability is completely due to the heterogeneity between subjects, which is referred to as the intersubject variability. Assuming that intra-and intersubject variabilities are independent of each other, the variability observed in a group of subjects is defined as total variability, which can be obtained as the sum of the intrasubject variability and the intersubject variability from the usual analysis of variance (ANOVA) model [20] .
The objective of the present study is to evaluate the variability of SC Raman signal and physical properties in healthy subjects. We particularly addressed the question of the different sources of variability in order to determine the limits of reproducibility in SC in vivo Raman experiments.
Materials and Methods

Subjects
A total of 17 female volunteers aged 20-30 years (mean 25 years) were enrolled in this study. All subjects presented Fitzpatrick's skin types I or II. Volunteers had no systemic or skin disorders which could influence skin surface pH, hydration, and sebum content at the study sites. No skin care products were applied to the measured sites 72 h prior to the measurement, and the measured sites were not washed with soap or surfactant for at least 24 h prior to the study. After an acclimatization time (22 ° C, 45% relative humidity) of 10 min, a template containing an aperture of 1 cm 2 each in size was attached to the volunteers' volar forearms. Six measurements at different points of the aperture were performed in each volunteer. For intra-individual variability, spectral collection was performed on 5 successive days per volunteer. Each subject's sessions were scheduled at the same time of the day, and all subjects gave written informed consent prior to the beginning of experimentation.
Biometric Measurements
Skin surface temperature was measured by means of a noncontact infrared thermometer (ScanTemp440). Body mass index (BMI) as defined by the World Health Organization (kg/m 2 ) was taken into consideration as additional physiological parameter. BMI varied from 17 to 33 in our volunteers.
In vivo Raman Microprobe Measurements
In vivo Raman investigations were performed using an in vivo confocal Raman optical microprobe (Horiba Jobin Yvon, Villeneuve d'Ascq, France) attached to a home-made movable arm allowing to easily position the probe on the skin surface.
The setup consisted of a 660-nm laser diode [21] as excitation source delivering approximately 15 mW at the sample level, a probe head including interferential and edge band-pass filters for filtering incident laser line and Rayleigh scattering, respectively, and a long focal microscope objective MPLAN FLN ×100/NA 0.75 (Olympus, Japan) for focusing the excitation beam and capturing the scattered light. The penetration depth was around 5 μm. The objective was coupled to a piezoelectric system, a 5-μm-diameter fiber-optic coupling with coaxial two-fiber probe, one for excitation and the other for collection. Collected scattered light was analyzed with a LabRAM HR Evolution (Horiba Jobin Yvon) spectrograph with a high-sensitivity CCD detector (Synapse; Horiba Jobin Yvon) cooled to -70 ° C by Peltier effect and gratings of 300 g/mm, permitting to achieve a spectral resolution of 4 cm -1 on a spectral range from 400 to 3,800 cm -1 . For each scan, a 2-second exposure time was used with 2 accumulations.
Statistics
All spectra were smoothed using the Savitzky-Golay algorithm (2nd order, 11 points) [22] , baseline corrected using an automatic polynomial function, and then normalized by applying the unit vector method.
Spectra have been separated into two wave number regions: the so-called fingerprint region (400-1,800 cm -1 ) and the region from 2,600 to 3,800 cm -1 , normalized on amide I band (1,565-1,720 cm -1 ) and on C-H stretching band (2,800-3,030 cm -1 ), respectively [23] . The bands that were used as reference exhibited minimal intensity and bandwidth variation between the spectra [24] . Curve fitting of the OH stretching band has been carried out using the least-square fitting algorithm. The algorithm allows the user to identify a number of subbands within a spectral region using the second derivative. It then automatically adjusts the combination of bands to best fit the spectral profile. The maximum shift of the subband position was set to ±5 cm -1 and the bandwidth was fixed to 40 cm -1 , while intensity was left free to adapt to the fit. The quality of the fit was estimated by the standard error and the χ 2 values [25] .
Total variation was estimated for each Raman descriptor by calculating the percentage of the relative standard deviation (RSD).
Homogeneity of variance is a major assumption underlying the validity of many parametric tests. More importantly, it serves as the null hypothesis in substantive studies that focus on inter-or intragroup dispersion. We performed Cochran's C test to identify and study the homogeneity of the variances before performing ANOVA.
ANOVA is one of the most widely used tests for experimental data. It is a powerful method to compare differences between the means of several groups. The test compares the variability of each population (intragroup variances) and of grouped populations (intergroup variance), and thus determines whether the groups are significantly different. Two-way ANOVA has been applied for inter-and intragroup variation with a 5% level of significance for all skin parameters, which have been presented as means ± SD.
The different data analysis steps were performed using MAT-LAB (MathWorks, Natick, Mass., USA).
Results
Different spectral features representative of the SC barrier function have been used to study the behavior upon application of the protocol. Figure 1 displays in vivo Raman spectra of the volar aspect of the forearm in which the Raman signature of the numerous SC constituents is well defined.
Bands assignment consistent with Raman spectra in figure 1 are given in online supplementary table 1 (see www.karger.com/doi/10.1159/000445079 for all online suppl. material). Generally, our Raman assignments correlate with those in the literature . The Raman spectrum of the SC is dominated by vibrational bands of its structural proteins, lipids, and tissue water.
In order to investigate the biochemical changes in the SC, we focused our study on the following different spectral features:
• The ν asym CH 2 (2,880 cm -1 )/ν sym CH 2 (2,850 cm -1 ) ratio, generally used as an indicator for both conformational state and lateral packing. High values are associated with higher trans content and a compact organization [43, 44, 46] .
• The ν(C-C) skeletal optical mode in the 1,050-to 1,140-cm -1 region, related to the presence of trans or gauche conformers inside the acyl chains. The trans/ gauche conformer ratio was analyzed by calculating the S1130 + S1060/S1085 ratio. High values of this ratio are associated with a compact state in lipid packing while a decrease is indicative of loosening [43] .
• The protein secondary structure was examined through analysis of the amide I band. It can be deconvoluted into several subbands associated with different forms of secondary structure, i.e. α-helix, β-sheet, turns and random coil structures [46] . • The maximum position of ν asym CH 3 : 2,930 cm -1 , an indicator of the folding/unfolding process of proteins. . The subbands in the range of 3,245-3,420 cm -1 are associated with partially bound water. Partially bound water is bound to the first monolayer and to other SC molecular components. This means that water molecules interact partially with neighboring molecules using only 2 or 3 of the 4 possible hydrogen bonds. Unbound water is considered as water that is not directly linked to the SC components, thus presenting no hydrogen bonds with SC lipids or proteins. OH stretching associated with this water arises around 3,420-3,600 cm -1 . The ratio between unbound water and partially bound water has been calculated [26] .
Selected Raman descriptors of human SC are given in online supplementary table 1.
In order to successfully assess results obtained from in vivo measurement campaigns, it is crucial to consider variations in the signals that might be induced by external factors. Inter-and intraday variabilities were first investigated for each volunteer. Values of p < 0.05 were considered statistically significant.
As can been observed in figure 2 , no significant variation can be observed over the 5 days, neither in lipid organization (p = 0.71), conformational order (p = 0.52), proteins folding (p = 0.91) or secondary structure (p = 0.39) nor in water content (p = 0.47) or water structure (p = 0.54).
This result shows the reproducibility of the in vivo Raman measurements and the stability of the physiological state of the skin for a short period. The interday parameter can be omitted in in vivo investigations.
In order to reduce the parameters that can influence interindividual variability, we selected only female volunteers aged between 20 and 30 years with close skin phototypes and performed measurements on the inner forearm after 10 min of acclimatization.
Total variation was calculated based on the percentage of RSD for each Raman descriptor and gave 8% relative variability for both the lipid organization descriptor [ν asym CH 2 (2,880 cm -1 )/ν sym CH 2 (2,850 cm Despite the relatively low RSD value, global Raman signature based on area under curve (AUC) from 400 to 1,800 cm -1 and from 2,800 to 4,000 cm -1 revealed high variability between volunteers (online suppl. fig. 1 ). Moreover, spectral descriptors directly related to physiological parameters showed highly significant variability with values of p < 10 -5 ( fig. 3 ) . To investigate the possible source of variability, semiquantitative analyses of skin characteristics were carried out: contents of the lipid classes, protein conformation and hydration results of the Raman signal were directly correlated to skin temperature, BMI and age ( fig. 4 ) .
Pearson's correlation coefficient (r) was calculated to evaluate the linear relation between Raman spectral markers and intra-and interindividual physiological parameters, where r = 1 indicates a perfect correlation while r > 0.9 is considered to describe an excellent correlation.
In the correlation matrix ( fig. 4 ), each r value is represented by a color pixel. The color scale varied from 0 (no correlation) to 0.8.
The Raman spectral markers presented in the y-axis can be divided into three main groups, (i) water content and structure markers (AUC-OH, unbound water, partially bound water, and unbound/partially bound water ratio); (ii ) lipid markers: [CH stretching, lipid conformational order (trans/gauche), and compactness] and (iii) protein markers (secondary structure with the amide I band and the β-sheet/α-helix ratio, and protein folding).
As the vibrational features are sensitive to physiological characteristics like pH, skin hydration status, and small variations in the relative amount of lipid classes [47] , the spectral markers presented in the y-axis cannot have individual correlation coefficients >0.9 with temperature, age, and BMI. Therefore, even if r = 0.8 refers statically to a fair correlation, it gives an indication for good interrelated information.
After 10 min of acclimatization at room temperature, the skin surface temperature varied from 23 to 26 ° C and seemed not to interrelate with Raman descriptors. Meanwhile, the lipid conformational order was apparently sensitive to slight temperature variations (r > 0.6).
Despite the relatively limited age range (20-30 years), different Raman descriptors showed fair correlations (mainly the CH stretching band followed by the unbound water fraction, and the secondary structure of proteins: r > 0.6).
Finally, the highest correlation coefficient was obtained between water content (OH stretching) and water structure (unbound and partially bound) with the BMI (r = 0.8). The range of measurements for each parameter was small (age: 20-30 years, BMI: 17-33, and temperature: 23-26 ° C), and consequently the power of the statistical analysis was weak. A larger study with higher variability in biometrical parameters including complementary physiological information is required to validate these observations. Consequently, our findings affirm that physiological and physical parameters, as BMI and age, should be taken into account during the recruitment of volunteers.
Conclusion
In this study, we investigated the in vivo Raman spectral variability of different spectral markers in the human skin. Intra-and interday variability was considered not statistically significant. This proved the stability of the physiological state of the skin for a short period and the reliability of our experimental method.
Despite a relatively low total RSD, the detailed analysis of 6 spectral features revealed high variability between volunteers. Furthermore, the dependence of intragroup variability in the physiological status, especially BMI, should be considered when recruiting volunteers for future studies to avoid unnecessary bias to the analysis.
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